Hulless barley starch was extracted and further acetylated using acetic anhydride at different level (3.75, 7.5, 11.25 g/100 g) in this study. The structure changes and functional properties of acetylated hulless barley starches comparing to the native starch were evaluated and analyzed. The shape of granules remained unaltered with cracks formed after modification. Small-(1 μm) and large-sized (20 μm) were observed in four kinds of starches while granule particle sizes distribution changed dramatically. Four hulless barley starches presented A-type x-ray diffraction pattern, with relative crystallinity of 25.6, 27.1, 26.2, and 24.8% for native and acetylated starches. The infrared ratio of 1045/1024 and 1025/995 cm −1 , indicated the difference in long-range order of crystallinities and short-range order of double helices. Results observed in swelling power, gelatinization parameters, pasting viscosities, and in vitro digestibility indicated acetylated hulless barley starch's potential as a functional food additive and a healthy ingredient.
Introduction
Hulless barley, known in Chinese as qingke, is an economical crop widely grown in the highland of China with multiple applications in the food industry, such as low alcohol liquors, pastas, and in bakering. [1] In terms of nutrient composition, hulless barley is comparable with commonly consumed cereals due to its high content of β-glucan and various trace elements. [2] Starch, the major component of hulless barley ranged from 58 to 67 g/100 g in different genotypes, [3] has possessed diverse characteristics. Different properties are depended mainly on botanic resources which has been extensively studied and discussed. [4] [5] [6] [7] The limit applications of native starches have encouraged researchers to explore many methods of modifications to broad the utilization. Acetylation is one of the most well studied modifications with acetyl percentage (Ac%) of less than 2.5 g/100 g recommended by the U.S. Food and Drug Administration (FDA) for food application. [8] The acetylated starch is commonly obtained by esterification of native starch with acetic anhydride in the presence of an alkaline catalyst. Recently, studies have shown that iodine is an excellent acetylation catalyst and attracts large attention. [9, 10] Many researches on improved freeze-thaw stability, decrease in gelatinization temperature, resistance to digestibility, and decline in viscosity by acetylation have been done. [11, 12] Most research [1] [2] [3] was focused on investigating isolation, composition, and physicochemical properties of hulless barley starch. However, information of the acetylation mechanism and the corresponding structural and functional properties are limited. Moreover, hulless barley starch is of great potential to be an alternative starch due to its cheap price and wide resource. Thus, acetylated hulless barley starch at different acelyl content level were prepared for further evaluation of structure changes and functional properties compared to the native starch in this study. The relationship between molecular order and physicochemical properties were analyzed and the potential applications in the food and non-food industries were predicted.
Materials and methods

Materials
Hulless barley grains were kindly provided by Highland Barley Resources Co., Ltd, Yunnan Province, China. Amylose (A0847), amylopectin (10120), and α-amylase (A3176, Type VI-B from porcine pancreas, 28 U/mg) were purchased from Sigma Chemical Co. (USA) while amyloglucosidase (3260 U/mL) and glucose oxidase/peroxidase (GOPOD) kit were purchased from Megazyme International Ireland Ltd. (Ireland).
Hulless barley starch isolation
Starch was isolated from hulless barley by the method of Singh et al. [3] with modifications. Hulless barley grain was ground into hulless barley powder which was then sieved through 60-mesh screen. The hulless barley powder (120 g) was steeped in 400 mL of NaOH (0.1%, w/v) at 40°C water base for 8 h. The slurry was filtered through 100-mesh screen and then the filtrate was centrifuged at 2000 × g for 15 min. The top gray-colored, protein-rich layer was removed away and the substratum was the target starch which was then resuspended by excess water for centrifugation for several times until no protein layer could be found. The starch was washed and dried for 24 h at 40°C. The isolated starch from hulless barley showed approximately 99% purity (11% moisture, 0.3% protein, 0.5% fat, and 0.2% ash).
Preparation of acetylated starches
The acetylation reaction was conducted using the method described by Singh et al. [13] with modifications. Starch (100 g, dry basis) was dispersed with 200 mL deionized water, stirred at 25°C for 30 min. Acetic anhydride(3.75, 7.5, 11.25 g) was added dropwise to the slurry within 20 s. During this course, the pH should be maintained at the range of 8.0~8.4 using 0.5 M NaOH. After 40 min of continuous stirring for acetylation, the reaction was stopped by adjusting the pH to 4.5 using 0.5 M HCl. The final suspension was centrifuged for 5 min at 2000 × g and the sediment was washed with ethyl alcohol and then distilled water to remove any remaining acetic anhydride and then dried at 40°C to 11% moisture.
Determination of Ac% and degree of substitution (DS)
The Ac% for calculating DS was determined by titration method as described by Bartz. [14] Starch (1 g, dry basis) was incubated with 50 mL of 75% (v/v) ethanol in the water bath at 50°C for 30 min. The slurry was cooled to ambient temperature and then 40 mL of 0.5 M KOH was added. After constant stirring for 72 h at ambient temperature, excess alkali was titrated by 0.5 M HCl with phenolphthalein as an indicator. Then the solution was continually stirred for another 2 h and extra alkali which may have leached out was titrated as well and the native hulless barley starch was conducted in the same way as a blank.
Ac % ¼ ½V blankðmLÞ À V sampleðmLÞ Â M HCl Â 0:043 Â 100 sample weightðgÞ DS is defined as the average number of sites per glucose unit that possess a substituent group. [14] DS ¼ ð162 Â Ac%Þ ½4300 À ð42 Â Ac%Þ
Morphological properties
Scanning electron microscopy (JSM-6360LV, Jeol Ltd., Tokyo, Japan) was applied to describe the morphological properties of native and acetylated starches according to the method of Halal. [15] Samples were dispersed by ethanol to acquire 1% (w/v) suspension and then were maintained in ultrasound for 10 min. A small quantity of each sample was spread on the stub. All samples were coated with gold and were examined at an acceleration voltage of 15 kV at 10,000×, 3000×, and 500× magnification.
Particle size distribution
The particle size distribution of starches were measured by laser particle size analyzer (LS230, Beckman Corporation, Massachusetts, USA). Starch (0.05 g) was suspended with 5 mL distilled water and a feed rate of 45 r/min was applied. One milliliter of sample was added to reach an obscuration of 40%. [16] The size distribution was expressed in terms of the volumes of equivalent spheres while numbers and surface areas were calculated according to Utilla et al. [17] Crystalline structure analysis (x-ray diffraction)
The x-ray diffraction patterns of starched were obtained with an x-ray diffractometer (D/max2550V, Japan Rigaku Corporation, Tokyo, Japan) and the relative crystallinity was calculated as described by Huang [18] with the following equation:
where Ac is the area of crystalline peak and At is total area measured from the baseline between 3 and 40°. The diffractometer was operated at voltage of 40 kV, current of 100 mA and scanning speed of 1°/min with a step of 0.02°ranging from 3 to 50°.
Iodine binding analysis and amylose content
The iodine binding analysis was determined using a colorimetric method under ultraviolet (UV)/ visible spectrophotometer (UV-754N, Alpsh Intrument Co., Ltd., Shanghai, China). An iodine regent was acquired by adding 200 mg of I 2 and 2 g of KI into 100 mL of deionized water. Each starch sample (50 mg, dry basis) was dispersed with 10 mL deionized water and 0.5 mL of starch suspension was added into 1.5 mL of iodine regent. The absorbance spectra and the wavelength of maximum absorption (λ max ) were measured over a wavelength scan of 500~800 nm. The amylose content was determined according to Zhang. [19] Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of starches were obtained by a FTIR spectrometer (IRAffinity-1, Shimadzu Corporation, Kyoto, Japan) equipped with an attenuated total reflectance (ATR) single reflectance cell in the range of 4000~400 cm −1 . The original spectras were deconvoluted in the region from 1200 to 800 cm −1 and the ratios of absorbance at 1045/1024 and 1024/995 were used to estimate the shortrange ordered structure of starches as described by Liu. [20] Thermal properties Thermal properties of starches were acquired by using a differential scanning calorimetry (DSC; DSC-60, Shimadzu Corporation, Kyoto, Japan). Three milligrams (dry basis) of each sample was place in an aluminium pan with 9 μL of deionized water added. The pan was sealed and allowed to stand for 12 h at room temperature before analysis. The pan was heated from 30 to 90°C at a heating rate of 3°C/min with an empty pan as a reference. Retrogradation was determined using the same gelatinized sample which had been stored at -18°C for a week.
Pasting properties and swelling power
Brabender visco analyzer (Micro-Visco-amylograph, Duisburg, Germany) was applied to measure the pasting behavior of starches according to the method of Li [21] with some modification. Starch slurries (8%, dry basis) were heated to 95°C, and then were held at 95°C for 5 min before cooling to 50°C, and then were held at 50°C for 1 min. Both heating and cooling rate were 7.5°C/min. The swelling power of starch granules was determined at temperature ranging from 50 to 90°C in 10°C intervals with starch/water (w/v) ratio of 1:100 according to Wang [22] with some modifications.
Starch swelling power was calculated as the ratio of the weight of sedimented swollen starch to the initial dry weight of starch.
In vitro enzymatic digestibility
In vitro enzymatic digestibility was measured by AACC approved method according to Ambigaipalan P. [23] and the concentration of glucose which was determined by Megazyme GOPOD kit. Three kinds of starches were classified based on the rate of hydrolysis including rapidly digested starch (RDS, digested within 20 min), slowly digested starch (SDS, digested between 20 and 120 min), and resistant starch (RS; undigested starch after 120 min).
Statistical analysis
Analytical data were conducted in triplicate and standard deviations were reported for all of the data collected except for x-ray diffraction. One-way analysis of variance (ANOVA) was performed and the mean separation were performed by Tukey's test at 5% significance level using SPSS Statistical Software Program (Version 19.0, SPSS Inc., Chicago, USA)
Results and discussion
Ac% and DS
The DS and Ac% of acetylated hulless barley starches were 0.029, 0.059, 0.085, and 0.765, 1.53, 2.20 with the acetic anhydride addition of 3.75, 7.5, 11.25 g/100 g, respectively. There was a significant effect between DS and acetic anhydride addition (R 2 , 0.998). The Ac% of all samples were under the maximum permissible level of 2.5% permitted for food formulation. [4, 13] The acetylated starch were classified as low DS (<0.1), medium DS (0.1-1.0) and high DS (>1.0) acetates according to DS. [4] The Ac% and DS could be the reason to reagent type, concentration, pH, reaction time, catalyst presence, catalyst type, botanical origin of starch and characteristics of size and structure of starch granules.
Morphology and size distribution of starch granule
The scanning electron micrographs (SEM) and particle size distribution of native and acetylated hulless barley starches are shown in Fig. 1 . Hulless barley starch has small-(1 μm) and large-sized (20 μm) granules with lenticular and irregular shapes. Little difference of distribution in number ratio would be more distinguished through volume distribution ( Fig. 1b ) and surface area distribution ( Fig. 1c) showing that the second peak of DS0.029 was much weaker than others. An unanticipated peak appearing around 100 μm for DS0.059 ( Fig. 1b ) could be explained by starch aggregation during acetylation and the agglomerated starch group of DS0.059 was observed through SEM while other samples have not been found ( Fig. 1 did not give) . These results agree with Singh [13] who verified that granules surface of acetylated starch was less smooth than in native one, but the starch granules still kept a relatively complete particle structure. The aggregation of granules in the present study may be attributed to the introduction of hydrophilic groups which increased non-covalent binding between surface chains. Nevertheless, bi-modal size distribution characteristic was determined except tri-modal found in DS0.059. while multiple studies displayed diverse results showing uni-modal in ginkgo, potato, rice, maranta starches [24, 25] bi-modal in wheat starch, [26] and tri-modal in banaba starch. [17] Interestingly, the deepest substituted sample DS0.085 performed most closely to the native one in particle size distribution, with DS0.029 having largest proportion of B-type granules, followed by DS0.059. The shape and surface characteristic of starches were evaluated using SEM. There were almost two types of starch size, which was measured through particle size distribution as well. Namely A-type granules possessed big, smooth, and round or oval characteristics while B-type granules were the smaller ones with irregular edges. A-type granules were considered to possess higher amylose content, lower gelatinization temperature, and higher transition enthalpy being compared to B-type granules. [26] Small particles were apt to stick to the big particles in all samples. More free small particles were found in DS0.059, which could be the reason for largest proportion of small particle size. In addition, more cracks and fissures were found with more advanced acetylation. However, no significant fusion, [13] pores, [27] or wrinkles [14] was found in the present work which is recognized as common acetylation destruction and have been observed in many studies. Both morpholohical performance and particle distribution revealed the effects of acetylation which inevitably conducts destruction to the surface of the starch granules. While disproportionate changes of particle size distribution caused by increased substituted degrees could be accounted for interactions of two aspects. Acetylation made B-type granules free from A-type granules that increased small particles while aggregation after acetylation could decrease B-type granule content. To some extent, particle properties including morphology and size are of great significance for further studies on rheology, function, and nutrition of starches.
Molecular structure of acetylated starch
Native and acetylated starches presented the similar diffraction patterns with strong peaks at 2θ = 15, 17, 18, 23°, indicating an A-type crystalline pattern. In addition, an increase in the intensity of peak at 2θ = 19°( Fig. 2a ) was attributed to the formation of a V-type complex which was a consequence of the inserting of bulky group into starch chains according to Bartz. [14] V-type crystal consists of amylose, emulgator, and fatty lipid, [26] indicating that hulless barley starch especially acetylated one has potential for emulsifier application. Starch crystallites are considered to be developed by ordered arrangement of single and double helices which are formed by unbranched or slightly branched fractions of amylopectin with more than 10 glucose units. [22, 26] The relative crystallinity was 25.6, 27.1, 26.2, and 24.8% for native starch, DS0.029, DS0.059, and DS0.085, respectively ( Fig. 2a ). Many factors including degree of polymerization, substituent groups and water content could explain the crystallinity in addition to amylopectin content. Several researches [13] [14] [15] reported no significant reduction in crystallinity was found with low DS but reverse result was obtained with high DS, indicating that the acetyl groups were concentrated primarily in the amorphous region of starch with excess acetyl groups binding to crystal region. Low DS (all three samples) took place in present work that only reduction of the crystallinity can be found in the sample DS0.085, which displayed the most severe damages through SEM. The unexpected increase in the crystallinity of sample DS0.029 and DS0.059 could be explained by the size distribution performance. That is to say, small granules possess more compact structure. The collapse of acetylated starches could also be observed by iodine binding analysis (Fig. 2b) . The absorbance at λ max of starch varied accordingly to the degree of polymerization (DP). [28, 29] The absorbance was 0.28, 0.28, 0.28, and 0.20, respectively, for native starch, DS0.029, DS0.059, and DS0.085 with λ max shifting from 640 to 620 nm gradually.
The FTIR spectra of native and acetylated starches with the wave number ranged from 400 to 4000 cm −1 (Fig. 2c) . The "fingerprint region" for polysaccharides is from 1000 to 1220 cm −1. [14] Compared to native starch, acetylated starches exhibited similar patterns with some differences in some bond area. New peaks at 1245 and 1730 cm −1 were evidences of acetylation to starch, which were accepted to correspond to the stretching vibration of the C(=O)-O and C=O, respectively. As DS increased, certain peaks displayed more intense. A peak at 2929 cm −1 derived from the stretching vibration of the -CH groups was observed, and an intense peak at 1640 cm −1 relative to vibration of O-H of water absorbed in the amorphous domain of starch was recorded along with a peak at 3296 cm −1 , which is resulted from the vibration of the hydrophilic -OH groups. [27] That is to say, introduction of acetyl moiety during modification made starch molecular more hydrophilic, which might be attributed to more space for water binding after bulky acetyl group inserting. And the repulsion between adjacent starch molecules caused by negatively charged acetyl groups could be another explanation for increasing the level of hydrated molecules.
Deconvoluted ATR-FTIR spectrum (Fig. 2d ) is widely used in diverse researches to show sensitive changes in structure on a molecular level (short-range order). [22] The so-called short-range order reflects double helical order while XRD is responsive to the packing of double helices. The absorbances at 1045 and 1024 cm −1 have been confirmed to be separately related with ordered and amorphous structure of starch, and another band at 995 cm −1 is associated to the hydrated crystalline. Consequently, two ratios 1045/1024 cm −1 and 1024/995 cm −1 can be applied to qualify the short-range order of starch. The ratio of 1045/1024 cm −1 was 1.191, 1.239, 1.248, and 1.246, respectively, for native starch, DS0.029, DS0.059, and DS0.085 with no significant differences observed in ratio of 1022/995 cm −1 , indicating that a tiny increase in molecular order occured with acetylation. The 1045/1024 cm −1 for potato and corn starches were 1.503 and 1.058, respectively. It can be inferred that the short-range order of starch largely depends on botanical resources and starches from hulless barley showed a moderate position between potato and corn starches in short-range order. Various studies exhibited positive correlation between crystallinity (detected by XRD) with short-range order [24, 26] while no obvious relationship was found in present work, which could be attributed to two explanation. First, not all of the helical ordered starch molecules are arranged into crystals according to Liu. [20] And second, the penetration depth of the IR beam in the ATR-FTIR system is about 2 μm. Thus, organisation investigated by ATR-FTIR is limited to the regions near the granule surface leading to incomplete measurement inside the granule, where is thought to be rich in ordered structure. [23] Thermal and other functional properties of starch During the gelatinization process, a decline trend in transition temperatures could be observed with the increased acetyl content, showing the introduction of voluminous hydrophilic groups to the chain enhances structure flexibility. It will be vulnerable for water binding and leads to premature rupture of double helices during heating. [13, 21] Transition temperatures represent crystal stability while ΔH reflects the melting enthalpy of both packing crystal and amylopectin based double helix and ΔH was as well confirmed to be positively correlated to be relative crystallinity in many studies. [20, 24, 25] However, change in ΔH by acetylation in present work was not significantly effect on crystallinity (R 2 , 0.156) and the similar results in other researches [14, 17, 26, 30] were found, and it could be explained by the incomplete swelling of starches due to a starch/water ratio of 1:3 during DSC measurement. Therefore, starch ΔH of gelatinization depends primarily on short-range order (R 2 [with 1047/1022cm −1 ], 0.908) which is consistent with the results of Yu et al. [26, 30, 31] To investigate the retrogradation of starch gels, gelatinized starch gels after DSC were stored at 4°C for 7 days and then were scanned for a second time. No significant endothermic peak of cooled gels, indicated that retrogradation of starch gels was too little to be measured by DSC (Fig. 3a) .
Swelling power increased with the increasing of temperature while swelling power after acetylation was not proportional to the insertion of acetyl groups (Table 1) . Specifically, a significant decreasing in swelling power with low DS was observed and then an increasing tendency was predicted. It is widely accepted that swelling of granule is the first step in pasting procedure and plays a vital role in various characteristics of diverse botanic starches. However, many researchers got different results of acetylated starches. Halal [15] found reduced swelling power after acetylation of barley starch while Colussi [4] observed the opposite trend in rice starch. Pasting viscosity properties including peaking viscosity (PV) and final viscosity (FV) are supposed to have significant effect on swelling power and additionally, the higher viscosity could be attributed to its larger particle size, which makes sense in present work. The high pasting temperature (PT) and low viscosity in DS 0.029 could due to its large proportion of B-type particle and high amylose content. The acetylated starches exhibited lower breakdown viscosity (BD) which represents stability of hot starch paste under the shear force comparing to native starch. While increased setback (SB) viscosity was measured with increasing of acetyl groups inserting, indicating an susceptibility to retrogradation after acetylation.
Both DSC and Brabender Viscograph (BV) are widely accepted to detect the parameters of interaction of starch granules and water, but inconsistent results by two instruments were determined in present work. DSC is commonly used where there is a phase transition. However, the small sample size may cause quite a large error in enthalpy, especially in the case when the peak of the endotherm is not so regular. BV can reflect the process of either swelling or reintegrating of starch. Both DSC and BV are possible when only a small sample size is available and rapidity is required. [32] Nutritional fractions RDS, SDS, and RS of native and acetylated starches were determined by in vitro digestibility with a mixture of porcine pancreatic α-amylase and amyloglucosidase ( Table 2 ). Digestibility is of nutritional value which is affected by granular form, molecular structure, and processing conditions. Granular form including particle size and surface characteristics (for example, pores, cracks, or fusions) determines the speed of amylase's early binding. Molecular structure factors consisting of amylose/amylopectin ratio, amylopectin structure, type and degree of crystallinity, phosphorus content could be the main causes of diverse digestibility. And the processing by heat, cool, or moisture treatment could also have effect on digestibility as many studies have reported. [33] [34] [35] The largest RS content was found in DS0.029 and the biggest SDS content was native hulless barley starch. Foods in high content of SDS and RS possess low glycemic indices. [36, 37] A positive correlation between RS content and amylose content (R 2 ; 0.905) and a close relation between SDS content and ΔH detected by DSC (R 2 , 0.653) in the study similar to Yao [33] with amylose was the molecular basis of RS and amylopectin played a key role in the structure of SDS and was the main constituent of SDS. The different RDS levels reflects the interplay between the surface characteristics and the extent of molecular order at the granule surface while the SDS and RS differences can be accounted for crystalline stability and inner molecular order. The SDS and RS contents of potato starch (9.65 and 30.94%, respectively) and corn starch (6.93 and 16.94%, respectively) were determined as well for comparison. Naive potato starch with long amylose chain are resistant to enzymatic digestion and similar to hulless barley starch. It indicated hulless barley starch especially Values are means ± SD. Means with same letter in a column do not differ significantly (p > 0.05).
acetylated starches is of great nutritional potential as a dietary fiber. Starches from bananas and [17, 31] peas [33] showed even higher resistance while some starches from botanical source like ginkgo, [24, 30] pearl millet, [34] waxy maize [22] were much more susceptible to enzymatic digestion. Botanical origin is considered to be a major source of variability in digestibility. B-type or C-type crystallites starch shows much more resistance to enzyme hydrolysis than A-type [24, 34] while hydrolysis speed of α-1,4 linkage is 30 times greater than that of α-1,6 linkage. [28, 29] A-type crystallites is weaker because its α-1,6 branch points is present in the crystalline region with B-type starch's α-1,6 branch points being present solely in the amorphous regions (Ambigaipalan P.). [23] 
Conclusion
The acetylated hulless barley starches with different levels which was confirmed by the changes observed in the FTIR bands and peaks, had significant differences in their functional properties. However, diverse characteristics were not linearly affected by the increasing acetyl groups. Analysis by XRD, FTIR, DSC, and iodine binding analysis indicated the starch molecule suffered different modification after acetylation. While the digestibility depended on the DS and the integrity of starch granules. The acetylated starches had higher FV comparing to native starch, indicating a potential of thickening power after heating to be used as dehydrated soup and sauces. The obvious low BD revealed a resistance to shear and heat, which could be applied in heating process. The acetylation decreased gelatinization temperatures and enthalpy which was important to industry due to low power applied to the process to reduce costs. The increased RS content after acetylation proved its nutritional value as a low glycemic index food. However, the applications of acetylated hulless barley starch still needs further study including its eating quality and safety evaluation.
